Pleistocene occurred in the mid-latitudes between ABSTRACT about 30 to 40°. The oxygen data, which vary Carbon and oxygen isotopic data are reported from proportionately with temperature, indicate a 116 Pleistocene Equus teeth from sixty-six localities latitudinal gradient ( 18
O range of 20 parts/mil) in the New World ranging from 68°N (Alaska, between high-latitude and equatorial Equus Canada) to 35°S (Argentina). Equus species have samples. The basic pattern of latitudinal gradients been predominantly grazers, and as such, carbon of C 3 /C 4 grass distribution and temperature as isotopic values of their tooth enamel provide interpreted from these Pleistocene data is similar to evidence of the Pleistocene distribution of C 3 and the modern-day. The use of stable isotopes of fossil C 4 grasses. The carbon data presented here indicate herbivore teeth represents a new means to interpret a gradient ( Cavagnaro, 1988; Cabido et al., 1997) and occasional C 4 grass species in Arctic regions (Schwarz & Redman, Some of the most fundamental global biogeographic 1988). The underlying reason for the systematic variation of the ratio of C 3 /C 4 grasses and latitude at patterns are those structured by latitudinal gradients that extend from pole to equator. Of relevance to the a given time and atmospheric CO 2 level is temperature (Terri & Stowe, 1976; Ehleringer et al., 1997) . current study, the proportion of C 3 and C 4 grasses in most modern ecosystems varies with latitude. C 3 grasses
INTRODUCTION
Within the past decade, combined geochemical/ palaeontological studies have revealed that stable are predominant (>90%) in high-latitude steppes and prairies, whereas C 4 grasses are predominant isotopes of carbon and oxygen in Cenozoic mammal teeth preserve a proxy record of ancient environments (>70-90%) in most low-elevation and equatorial grasslands ( Fig. 1 ; Terri & Stowe, 1976) . In modern and global change in terrestrial ecosystems. Specifically, the carbon isotopes preserved in tooth enamel record ecosystems the crossover between C 3 v. C 4 dominance in grasslands occurs at about 40-45°latitude in the the photosynthetic pathways (C 3 , C 4 , CAM) of plant foodstuffs ingested by mammalian herbivores (e.g. northern hemisphere Epstein et al., 1997; Tieszen et al., 1997) . Exceptions to this Quade et al., 1989; Cerling, Wang & Quade, 1993; . Oxygen isotopes in general rule include grasses at high-elevation or climates (e.g. Mediterranean) with cool-growing modern terrestrial ecosystems are dominated by the isotopic composition of local meteoric water which, in seasons in which the grasses are predominantly C 3 regardless of latitude (e.g. Tieszen et al., 1979;  turn, is related to local temperature. Cold climates 
Fig. 2. Plot of the modern-day pattern of both
18 O and Mean Annual Temperature with respect to latitude. Data taken from Rozanski et al. (1993, to warm climates. Accordingly, oxygen isotopes of either tooth enamel carbonate (e.g. Koch, Zachos & Gingerich, 1992; Bocherens et al., 1996; far as we know, this is the first study to use data for ancient land mammals from a single wide-ranging Sharp, 1996) or phosphate (Bryant, Luz & Froelich, 1994 , 1996 Bryant & Froelich, 1995) in fossil mammal genus to interpret broad biogeographic patterns within ancient terrestrial ecosystems. teeth can be used to identify patterns of temperature and related palaeoclimatic parameters.
This study is restricted to the genus Equus because: (1) it is exceedingly common in Pleistocene terrestrial The purpose of this paper is to present carbon and oxygen isotopic data from Pleistocene Equus teeth in sediments throughout the Americas; (2) ecological studies of extinct and modern Equus indicate that this order to understand the ancient distribution of C 3 and C 4 grasses along a northern and southern hemisphere horse characteristically has been a grazer, i.e. it feeds predominantly or exclusively on grasses (e.g. Walker, latitudinal transect covering a range of 100°within the New World, from 65°N (Yukon, Alaska) to 35°S 1975; Berger, 1986; MacFadden & Shockey, 1997) ; and (3) previous studies (Buenos Aires province, Argentina). These new analytical data provide a comparison of ancient have shown that body-size may influence the 18 O tooth enamel composition in different sized mammals (Bryant latitudinal gradients with those that have been empirically established for the modern-day (Figs 1 and & Froelich, 1995; Kohn, 1996) , so it is preferable to analyse a single genus consisting of generally similar-2). Although not presented with respect to latitude sized species (rather than, for example, a diversity of Pleistocene grazers). Prado, 1996; Wang, Cerling & MacFadden, 1994; MacFadden & Shockey, Given the dating and associated temporal constraints of our varied fossil Equus samples, one limitation of 1997), or with as large a combined data set , previous publications on the isotopic our study is that the results presented here only indicate broad first-order (10 6 years) patterns of latitudinal composition of Pleistocene Equus teeth from the New World showed the potential for the current study. So gradients throughout the Pleistocene, i.e. the isotopic data are all combined within a window of time spanning 1.8 myr. Thus, at the current level of temporal resolution, we are unable to discern geographically broad climatic and phytogeographic cycles on shorter duration time-slices. Many other Quaternary palaeoclimatic studies have shown that 100,000 year and more frequent cyclical events undoubtedly have occurred, but we are unable to discern these from our current data set. Despite this limitation, however, our results show important broad patterns of latitudinal gradients within Pleistocene terrestrial ecosystems.
CARBON AND OXYGEN ISOTOPES OF FOSSIL MAMMALIAN HERBIVORE TEETH
Fossil mammal tooth enamel consists of >95% hydroxyapatite, which has many chemical variations, including a relatively common form Ca 10 (PO 4 , CO 3 ) 6 (OH) 2 (Hillson, 1986; Newesely, 1989) . The stable Boutton, 1991; Quade et al., 1992) .
fossil bones (e.g. Schoeninger & DeNiro, 1987) , more recent research has convincingly demonstrated that carbonate in the dense mineral lattice of tooth enamel is a closed system not prone to secondary alteration (Fig. 3) . Previous studies of Pleistocene and extant Equus from low latitudes and low elevations (e.g. Koch et al., 1992; Quade et al., 1992; Wang & Cerling, 1994; Cerling & Sharp, 1996) . Accordingly, demonstrate characteristic 13 C values of −3 to 1‰, which indicate that these equids have been the use of tooth enamel carbonate of extinct mammal species has become a growing field of investigation predominantly or exclusively C 4 grazers (e.g. Wang et al., 1994; Bocherens et al., 1996;  MacFadden & that has produced many new palaeoecological and palaeoenvironmental insights. Shockey, 1997) . The isotopic systematics of oxygen have been studied The analysis of stable isotopes of fossil teeth has been particularly illuminating in understanding the for several decades (e.g. McCrea, 1950; Epstein & Mayeda, 1953; Craig, 1957) . Oxygen isotope data are diets of extinct mammalian herbivores. C 3 plants have mean 13 C values of about −27‰, whereas C 4 plants produced along with tooth enamel carbonate data and, as such, they are relevant to the current discussion. In have mean 13 C values of about −13‰ (Deines, 1980; Farquhar, Ehleringer & Hubick, 1989; Boutton, 1991 2) . Cerling et al., 1993 . Although a few grass fossils with the characteristic C 4 Kranz anatomy In some of the classic studies of oxygen isotopes, analysis of deep-sea cores allowed a fundamental have been reported from 12 million-year-old sediments in California (Tidwell & Nambudiri, 1989) , the understanding of temperature cycles that occurred throughout the Pleistocene (e.g. Shackleton & Opdyke, terrestrial flora was fundamentally C 3 until the late Miocene, about 6-8 million years ago. During the late 1976) or geographic gradients at a point in time, e.g. the last glacial maximum at 18,000 yrs  (e.g.
Miocene there was a major shift in photosynthetic regimes of terrestrial ecosystems leading to the patterns CLIMAP, 1976; COHMAP, 1988) . Although much of the earlier work using 18 O palaeothermometry of C 3 and C 4 grass distribution seen today (Cerling et al., 1993 O signal due to chemical exchange of groundwaters surrounding, or modern terrestrial ecosystems originated during, and have existed since, the late Miocene. percolating through, fossil bones. The key to using fossil mammals has been to concentrate on the compact This empirical observation of a late Miocene global change in terrestrial ecosystems raises the question as mineral phase found in tooth enamel (in contrast to porous fossil bone), which has been shown to be to what is the underlying cause for this phenomenon. The answer to this question seems to be related to relatively unaffected by secondary alteration (e.g. Wang & Cerling, 1994) . In this context 18 O can be analysed adaptive photosynthetic strategies and changing levels of atmospheric CO 2 . It has been shown that C 3 from either the phosphate or carbonate phase of tooth enamel (e.g. Cerling & Sharp, 1996) . photosynthesis is favoured during relatively high levels of atmospheric CO 2 , whereas C 4 photosynthesis is favoured in relatively low levels of atmospheric CO 2
Antiquity of grasses and C 3 and C 4 (Ehleringer et al., 1991 American localities (Fig. 5) . These relative proportions reflect the general abundance of specimens in the museum collections used during this study. Specimens were selected from Irvingtonian (2.0-0.5 myr) and Rancholabrean (0.5 myr to 10 kyr) localities in North a potential causal mechanism for why there was a America and the roughly equivalent Ensenadan changeover from predominantly C 3 -based terrestrial (1.5-0.5 myr) and Lujanian (0.5-10 kyr) localities in ecosystems prior to the late Miocene to mixed C 3 and South America (for land-mammal calibrations, see C 4 ecosystems thereafter (Cerling et al., 1993 . Berggren et al., 1995; Flynn & Swisher, 1995 et al. (1997) have shown that in modern ecosystems: (1) grasses use the C 3 sixty-six localities was compiled for this study (Appendix 1). Of these specimens, ninety-one and photosynthetic pathway at elevations above 3000 m; and (2) between 2000 and 3000 m tropical and many twenty-five are from respectively, North and South temperate grassland biomes (except those with Mediterranean-style climates) have mixed C 3 /C 4 grass species. Thus, in order to eliminate the effects of elevation, during the current study only specimens of Equus from fossil localities below 2000 m elevation were analysed. Bryant et al. (1994; also see Kohn, 1996) suggested that there can be as much as 2‰ variation in the 18 O enamel values along the tooth row within a given individual, and a smaller, yet potentially significant variation also may occur in 13 C values. The variation appears to be systematic, with the greatest deviation occurring in the 1st and 2nd molars relative to the other cheek teeth (P2-P4, M3, uppers and lowers). Accordingly, when there were sufficiently numerous Equus teeth available for analysis, 1st and 2nd molars were not used in this study.
Stable isotopic analyses
Preparation and analytical procedures used in this study are similar to those described elsewhere and are summarized as follows. About 100-500 mg of enamel was cut or otherwise removed from each tooth specimen. These enamel fragments were pulverized using a mortar and latitude for the tooth enamel carbonate samples used in this pestle and treated with H 2 O 2 and then with 1  acetic study (Table 1) .
acid to remove respectively, organic and mineral surficial contaminants not bound in the structural lattice. The treated powders were then reacted with Although there are considerably fewer data points in the H 3 PO 4 at 25°C for between 40 and 48 h. The resulting southern hemisphere, the general 13 C gradient seems to CO 2 generated was purified and extracted using be symmetrical on either side of the Equator. At high standard cryogenic laboratory procedures (McCrea, latitudes, i.e. >45°N, the carbon isotopic values are 1950). The CO 2 sample gases were then analysed for characteristically more negative than −10‰ (Table 1) . their isotopic ratios in a Finnigan mass spectrometer Given a c. 14‰ positive enrichment in herbivore enamel in the Department of Biology at the University of relative to ingested plant foodstuffs, these data indicate Utah.
predominantly-to exclusively-C 3 plant foodstuffs, Isotopic data are reported in the standard delta ( ) which are interpreted to indicate C 3 grasses because of notation, which represents the deviation, in parts per the dominantly grazing diet of Equus. The isotopic mil (‰), of the isotopic ratios of the Equus tooth transition between a full C 4 signal on the one hand and sample from that of the PDB standard (Pee Dee full C 3 on the other hand is best observed in the northern Belemnite; Craig, 1957) C values for respectively, are not easily explained. These outliers could represent one of several possibilities, such as all individual Equus samples range between −7.8 and −11.0‰, indicating, respectively, an isotopically mixed individuals living (but not dying) at higher elevations or in other habitats that lacked C 4 grasslands, or individuals (but more towards the C 3 end), to full C 3 diet. As with the counterparts at similar and higher northern living during a time in which C 3 grasses were more abundant, or unusual dietary preferences not observed latitudes, these data are interpreted to represent grazers feeding predominantly on C 3 grasses. in modern equids. A more definitive explanation for these outliers must await the analysis of additional Terri & Stowe (1976) presented the pattern of distribution of modern C 4 grasses in North America samples from these regions.
Although the data are more sparse in the southern and their results have direct relevance to the Pleistocene data presented in the current study (Fig. 1) . The general hemisphere, all individual Although the data set is smaller, the same pattern seems to occur in the southern hemisphere between the Equator and 35°S, at the latitude of the Buenos Aires province and environs. Thus, as 18 O values of meteoric water are directly proportional to mean annual temperature, the pattern of oxygen isotopes in the fossil Equus teeth represent a proxy record of latitudinal temperature gradients.
As shown above (Fig. 1) , Rozanski et al. (1993) The current study demonstrates the utility of using wide-ranging fossil mammals to explore latitudinal gradients and patterns of C 3 /C 4 grass distribution and continental palaeotemperature during the Pleistocene. distribution of C 4 grasses and the steep gradient of change from predominantly C 3 to predominantly C 4 There are several benefits of using fossil mammals, such as Equus, in these studies. Firstly, Pleistocene ('C 4 /C 3 crossover', see Ehleringer et al., 1997) in mid-latitudes, described above is herbivore remains are plentiful, either in existing museum collections or in the field, and as such they essentially the same for both the Pleistocene and the modern day, particularly as evidenced from the are a readily available archive. Secondly, the methods required to prepare and analyse carbonate isotopic northern hemisphere.
samples Fig. 7 . The and Africa and to compare these with the one that is now available for the Americas. general pattern is similar to that of the 13 C values reported above and, not unexpectedly, symmetrical
As mentioned above, the major limitation of the current study is the broad time window from which about the equator. There is about a 20‰ variation in mean 18 O values from the highest N latitude (68°;
the Equus samples are taken. This is a first attempt to show overall patterns; the next step will be to select a mean=−17.9‰) to the lowest N latitude (2°; mean= 2.2‰; 
